Abstract--Cation ordering in amesite-2H2 from Antarctica has reduced the true symmetry from the ideal hexagonal space group P6a to triclinic PI. All crystals show 6-fold biaxial twin sectors on (001), and the twinned crystals produce an average diffraction symmetry that is hexagonal. Individual twin sectors cut from the larger aggregate have 2 V optic angles near 18 ~ slightly monoclinic unit-cell geometry, and triclinic diffraction symmetry. Structural refinement of an untwinned sector in subgroup symmetry shows nearly complete ordering of Si,Al in tetrahedral sites and of Mg,A1 in octahedral sites.
INTRODUCTION
Amesite is a rare trioctahedral 1:1 layer silicate that is usually found as hexagonal prisms elongated parallel to Z and that has a maximum amount of tetrahedral and octahedral Al-substitution. The only detailed structural study to date is that of Steinfink and Brunton (1956) on amesite from the Saranovskoye chromite deposits, USSR, in which no ordering of tetrahedral or octahedral cations was found in the ideal space group P63. The authors noted the presence of 6-fold biaxial twin sectors on (001), but attributed the biaxial nature to strain. The stacking sequence of layers in their specimen and in most other specimens described in the iterature to date corresponds to that of the 2H2 polytype of Bailey (1969) , in which there are alternating interlayer shifts of -b/3 and +b/3 and alternating occupation of the I and II sets of octahedral positions in successive layers. Hall and Bailey (1976) described amesite crystals from the Dufek Massif in the Pensacola Mountains, Antarctica, that also exhibit 6-fold biaxial twins. The majority of the crystals are of the 2H2 polytype. Five 6R a crystals and one 2H~ crystal were identified as well. The X-ray intensities given by the twinned 2H2 macrocrystals closely approximate hexagonal symmetry, but excised untwinned sectors have triclinic symmetry. This suggests that cation ordering has reduced the sym-1 Present address: DeLamar Silver Mine, Jordan Valley, Oregon 97910. metry from the ideal space group P63 to the subgroup P1. This paper reports the results of refinement of the structure of the Dufek Massif amesite-2H~ in subgroup symmetry.
EXPERIMENTAL
Although many of the crystals exhibit partial randomness in layer stacking, a regularly stacked, twinned crystal was found in which it was possible to excise an untwinned sector (illustrated in Figure 1 of Hall and Bailey, 1976) . Hall and Bailey reported refractive indices ofa = 1.5967(5),/3 = 1.5986 (5) , and 3' = 1.615(1), 2V = 18 ~ and an electron microprobe analysis of this material that gives a structural formula of (Mgl.r0z Alo.951Fe2+o,315Mno.o~4ff10_0xs)(Si~.o~sAlo.gts)O~(OH)4 on the basis of seven formula oxygens.
Because of the triclinic symmetry it was decided to refine the structure using an orthohexagonal cell of space group C1, rather than the primitive hexagonal cell, Unit-cell dimensions were obtained by leastsquares refinement of 15 medium-angle reflections on an automated single crystal diffractometer. The refined values are a = 5.319(2), b = 9,208(3), c = 14.060(5) /~, a = 90.01(3) ~ = 90.27(3) ~ and 3' = 89.96(3) ~ Two sets of intensity data were collected. First, seven levels of data incorporating 772 unique reflections were collected by triple-film-pack Weissenberg photography with CuKc~ radiation for levels 0k,e through 2kg and hOg through h3tL Intensities were measured by visual comparison with a triple-film-pack intensity 242
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Clays and Clay Minerals scale and were corrected for Lp and attenuation factors. After initial refinement with the film data, a second data set of 722 independent reflections was collected on a Syntex P] automated single crystal diffractometer using monochromatic MoKa radiation. It was necessary to collect the second data set using a second untwinned sector excised from the same 2H2 crystal because of loss of the first sector. The shape of each sector was approximately an equilateral triangle of sides 0.25 mm and thickness 0.07 mm. The data were collected in the 20:0 variable-scan mode. Two standard reflections were monitored after every 50 reflections to check crystal and electronic stability. Reflections were considered as observed if I > 2o(1) where I was calculated from 
REFINEMENT
The first data set was used for least-squares refinement of positional coordinates using phase angles calculated from the amesite structure of Steinfink and Brunton (1956) . Scattering factors from the International Tables for X-ray Crystallography, adjusted for 50% ionization, were used throughout. In order to facilitate convergence, atomic coordinates were moved slightly away from their ideal hexagonal positions. Refinements were attempted with tetrahedra rotated both toward and away from octahedrai cations of the same layer. Only the former provided satisfactory refinement. The tetrahedral cation T(1) was kept stationary in order to fix the position of the origin in this noncentrosymmetric structure, and the sense of the Z axis was determined by comparison of Fo and Fc values. Repeated cycles of refinement using unitary weights and varying first the positional atomic coordinates and later the isotropic B values reduced the residual to R = 13.3%. Bond-length calculations indicated ordering of both tetrahedral and octahedral cations, but the results were unsatisfactory in two respects. The isotropic B values varied erratically from atom to atom, and the z coordinates of the apical oxygens in one of the two 1:1 layers appeared unrealistic in terms of the implied sheet thicknesses.
At this stage the second data set was collected from a second untwinned amesite sector, and refinement was continued with this data set until convergence was achieved at R = 10.9%. The results of this stage of refinement were reported in detail by Hall (1974) and in summary form by Bailey (1975) .
Later refinement made use of two changes in the second data set.
(1) Data corrected only for Lp effects were used due to discovery that the theoretical absorption program had not been giving correct results. The linear absorption coefficient for MoKa for this composition is small (/Xrao = 14.9), but it is believed that lack of correction for the platy shape of the crystal may have caused some of the variability noted in the final results. Nevertheless, refinement tests both before and after change (2) noted below consistently gave more realistic and consistent values using the data as corrected only for Lp effects.
(2) Weissenberg film photographs of the second crystal after automated data collection showed a doubling and streaking of several low 0 reflections that had not been noted previously. It is believed that this distortion developed during data collection due to strain caused by shrinkage of the solvent-based mounting glue. Forty-three k ~ 3n reflections for which the distortion was evident on the films were removed from the data set, and separate scale factors were introduced for k = 3n and k ~ 3n reflections in case other k ~ 3n reflections had been affected also.
Further least-squares refinement with the remaining 679 reflections proceeded smoothly with unit weights and isotropic B values to a residual of 7.9%. Electron- One standard deviation for all bond lengths is 0.02/~. density difference maps were flat at the atomic positions but indicated anisotropic thermal motion, which prohibited location of the hydrogen atoms. One cycle of anisotropic refinement reduced the residual to 4.6%, but anisotropic refinement was discontinued because many atoms were not positive-definite. The major axes of the thermal ellipsoids were perpendicular to the layers. Scattering factor tables appropriate to 50% ionization were used throughout and were adjusted for the indicated ordering patterns. No change in ordering pattern was found throughout the several stages of refinement, but there was a significant improvement in consistency of bond lengths and temperature factors during the last stage of refinement. The final atomic coordinates, bond lengths, and other important structural features are reported in Tables 1-3 . A list of observed and calculated structure amplitudes may be obtained from the second author (SWB) upon request.
CATION ORDERING
The most interesting feature of the amesite structure is its unusual pattern of ordering of tetrahedral and octahedral cations. The same ordering pattern was found as a result of refinement of both data sets, and it is this pattern that causes the reduction in symmetry from P63 to P 1 (or C 1 as oriented here). It should be noted that even in the ideal hexagonal space group there are two unique tetrahedra in each layer, so that a tetrahedral cation ordering pattern preserving the identity of the 63 axis is theoretically possible but is not observed. In the lower symmetry C1 the two layers in the unit cell are no longer equivalent. Tetrahedra lying on the pseudo-63 axis in fact are not identical, but are alternately Sirich IT(l)] and Al-rich [T(11)] in adjacent layers. Of the three octahedra in each layer, one is smaller than the other two and is interpreted as Al-rich. These are M(3) in the first layer and M(11) in the second layer (Table 2). The distribution of Al-rich and Mg-rich octahedra (Figure 1 ) violates both the pseudo-3-fold rotation axes within each layer and the pseudo-63 axes that relate one layer to the next in the ideal space group. The mean tetrahedral bond lengths of 1.639, 1.729, 1.725, and 1.649 ~ (Table 2) •kQ per formula unit and the presence of some larger Fe~+,Mn ions. Least-squares variation of cation multiplicities with program ORFLS indicated similar scattering powers for all octahedral sites, so the Fe z+, Mn, and vacancies are assumed to be distributed randomly over all sites. Si-rich and Al-rich tetrahedra alternate along lines parallel to Z through each lattice point, thus violating the 63 axes of the ideal space group. Si-rich and Al-rich tetrahedra also alternate around the 6-fold rings within each layer. The second unique tetrahedron in each layer lies on a pseudo-3-fold rotation axis, and adjacent layers are shifted by +_b/3 so that these tetrahedra do not superimpose in projection. The Al-rich octahedron M(3) in the first layer is in the C position in the terminology of Bailey (1963, Figure 1 ) and the Al-rich octahedron M(11) in the second layer is in the A position (after allowance for 180 ~ rotation of octahedra relative to the first layer, which is equivalent to occupation of the alternate set of octahedral positions). This creates a pattern of local charge balance in which all tetrahedral and octahedral AI atoms in adjacent layers are located along slightly zigzag lines parallel to X~ in projection and spaced at intervals of b~/2 (Figure 1) . Thus, from bottom to top in the -X1 direction, AI is located in T(2), M(3), T(11), and M(11). This gives the closest possible approach of the sources of negative and positive charges on the surfaces of adjacent layers that result from the ordered substitution of A1 in the tetrahedral and octahedral sheets. But this is not an unique ordering pattern. Because of the pseudohexagonal nature of the structure, different ordering patterns can be created in which the zigzag lines orAl atoms are parallel in projection to both the positive and negative directions of X~, X~, and X3. Adoption of these alternate patterns in adjacent sectors is postulated here as the origin of the 6-fold sector twins. We have found twinning of this type to be universal in amesite from Antarctica, as well as in amesites from the Chester emery deposit in Massachusetts, USA, the Saranovskoye chromite deposit in the North Urals, USSR, and the Postmasburg Mn-ores near Gloucester, South Africa. Figure 2 shows the six ordering patterns and their postulated distribution in a twinned crystal. Optical extinction directions would be parallel and perpendicular to the line of ordered AI in each sector. In all six patterns Si and AI alternate along the Z axis on the pseudo-63 screw axis and, considering all six sectors together, the A1 would be distributed equally over the four tetrahedral sites and the six octahedral sites of the 2-layer structure. Serna et al. (1977) concluded from study of infrared spectra that some synthetic and natural amesites, including that from Chester, Massachusetts, have an ordered distribution of tetrahedral cations. An infrared pattern of the Antarctic amesite, kindly run and interpreted by J. L. White of Purdue University, is in accord with their criteria for an ordered cation distribution. Serna et al. considered other amesite specimens, including that from Saranovskoye, North Urals, to be disordered. Our observation of biaxial optics and twinning in the Urals crystals, however, is interpreted here by analogy with the results for the Antarctica specimen as evidence of ordering. A more complex twinning behavior was noted in the Urals crystals than in those from other localities, in that polysynthetic twin lamellae parallel to the prism edges are present in some crystals in addition to the 6-fold sector twins. This difference in twinning may result from a difference in ordering pattern. The 2H 2 structure does permit additional ordering patterns with local charge balance, although with geometries in which the AI atoms are not arranged in the slightly zigzag lines illustrated in Figure  2 . A structural refinement to determine the actual cation distribution of a 2Hz amesite from the Urals locality is in progress.
INTERLAYER BONDING
The basal oxygens of the second layer [O(33) , O(44), and 0(55)] are positioned symmetrically relative to the surface hydroxyls [OH(2), OH(3), and OH(4)] of the layer below, and these basal oxygens move closer to the surface hydroxyls by means of tetrahedral twist (Figure 1 ). The interlayer separations are short because of the large positive and negative charges on adjacent surfaces due to octahedral and tetrahedral substitutions. The hydrogen bond contact O(44)-OH(3) of 2.725 A is especially short because OH(3) is the only surface hydroxyl located so that its movement to shorten its bond to AI in M(3) also brings it closer to its basal oxygen neighbor 0(44). Because of the location of Al in M(11) of the second layer, tetrahedra T(11) and T(22) of that layer tilt towards one another to allow a shortened octahedral lateral edge around M(ll), thereby causing a downward buckling of the bridging basal oxygen 0(44). The surface hydroxyl OH(3) is also depressed, so that there is a keying together of the two layers at the site of this most favorable interlayer bond O(44)-OH(3).
Because of the adoption of the alternate set of octahedral positions in the third layer and location of A1 in M(333), equivalent to M(3) of the first layer, the topological setting of the most favorable interlayer bond between layers two and three is slightly different than between layers one and two. Movement of OH (22) towards octahedral A1 in M(11) of layer two now is away from basal oxygen 0(555) of layer three, instead of towards it, thereby increasing the interlayer O-OH bond by 0.03 ,~. The keying together of 0(555) and OH (22) is the same as for 0(44) and OH(3); however, as a result of the location of AI in M(333) of the third layer with a consequent tilting of T(111) and T(222) and a downward buckling of 0(555) and OH(22) . This keying effect due to ordering is believed to be a positive factor in influencing the regularity of stacking of layers in amesite and in its resultant stability.
OTHER STRUCTURAL FEATURES
The tetrahedra in this structure are rotated in the (001) plane by an average value of 14.0 ~ so that the basal oxygens move in a direction toward the octahedral cations in the same layer. This also is in the direction that will shorten the interlayer hydrogen bonds between the basal oxygens and surface hydroxyl groups of the adjacent layer. The direction of tetrahedral rotation is opposite to that found by Steinfink and Brunton (1956) in their study of Saranovskoye amesite, but it should be remembered that only a small amount of trial-and-error refinement was performed in their study and that the space group used was incorrect.
Tetrahedral tilting combined with tetrahedral and octahedral ordering has displaced the tetrahedral apical oxygens and distorted the tetrahedral angles (Tables 2,  3 ). The tetrahedral sheet thicknesses, however, are comparable with those of many other layer silicates. The octahedral sheet thicknesses, on the other hand, are unusually small and are comparable to those in dioctahedral dickite and nacrite. All of the octahedra are flattened, as indicated by the ~b values in Table 3 , and the two large octahedra in each layer are flattened most severely (~ = 60.7 ~ and 60.8 ~ in order to fit onto the smaller Al-rich octahedron (0 = 58.3~ An undistorted octahedron would have ~b = 54.7 ~ The combination of thin octahedral sheets and short interlayer separations leads to a total layer thickness of only 7.03 ~.
